In this paper we investigate statistical entropy of a 3-dimensional rotating acoustic black hole based on generalized uncertainty principle. In our results we obtain an area entropy and a correction term associated with the noncommutative acoustic black hole when λ introduced in the generalized uncertainty principle takes a specific value. However, in this method, it is not needed to introduce the ultraviolet cut-off and divergences are eliminated. Moreover, the small mass approximation is not necessary in the original brick-wall model. * Electronic address: anacleto, fabrito, passos@df.
I. INTRODUCTION
The concept of acoustic black holes was proposed in 1981 by Unruh [1] and has been extensively studied in the literature [2] [3] [4] . The connection between black hole physics and the theory of supersonic acoustic flow is now well established and has been developed to investigate the Hawking radiation and other phenomena for understanding quantum gravity. Acoustic black holes was found to possess many of the fundamental properties of black holes in general relativity. Thus, many fluid systems have been investigated on a variety of analog models of acoustic black holes, including gravity wave [5] , water [6] , slow light [7] , optical fiber [8] and electromagnetic waveguide [9] . The models of superfluid helium II [10] , atomic Bose-Einstein condensates [11, 12] and one-dimensional Fermi degenerate noninteracting gas [13] have been proposed to create an acoustic black hole geometry in the laboratory. A relativistic version of acoustic black holes has been presented in [14, 15] .
Recently, in Ref. [16] was investigated (1 + 1)-dimensional acoustic black hole entropy by the brick-wall method. In order to obtain a finite result, they had to introduce the ultraviolet cut-off. So their calculation suggested that analog black hole entropy has the cut-off problem similar to that of gravitational black hole entropy. More recently in [17] the author uses transverse modes in order to cure the divergences.
The study on the statistical origin of black hole entropy has been extensively explored by several authors -see for instance [18] . The brick-wall method proposed by G. 't Hooft has been used for calculations on the black hole, promoting the understanding of the origin of black hole entropy. According to G. 't Hooft, black hole entropy is just the entropy of quantum fields outside the black hole horizon. However, when one calculates the black hole statistical entropy by this method, to avoid the divergence of states density near black hole horizon, an ultraviolet cut-off must be introduced. The statistical entropy of various black holes has been calculated via corrected state density of the generalized uncertainty principle (GUP) [19] . Thus, the results show that near the horizon quantum state density and its statistical entropy are finite. In [20] a relation for the corrected states density by GUP has been proposed
where p 2 = p i p i , and λ plays the role of the Planck scale in a fluid at high energy regimes -See below. In [21] using a new equation of state density due to GUP, the statistical entropy of a 3-dimensional rotating acoustic black hole has been analyzed. It was shown that using the quantum statistical method the entropy of the rotating acoustic black hole was calculated, and the Bekenstein-Hawking area entropy of acoustic black hole and its correction term was obtained. Therefore, considering the effect due to GUP on the equation of state density, no cut-off is needed and the divergence in the brick-wall model disappears.
In this paper, we apply the acoustic black hole metrics obtained from a relativistic fluid in a noncommutative spacetime [23] via the Seiberg-Witten map to study the entropy of the rotating acoustic black hole. Whereas, on one hand our objective is to see if using an equation of state of the GUP divergences are eliminated as in the gravitational case, furthermore, we wonder whether the noncommutativity of the spacetime affects the GUP itself. This is also motivated by the fact that in high energy physics both strong spacetime noncommutativity and quark gluon plasma (QGP) may take place together. Thus, it seems to be natural to look for acoustic black holes in a QGP fluid with spacetime noncommutativity in this regime. Acoustic phenomena in QGP matter can be seen in Ref. [24] and acoustic black holes in a plasma fluid can be found in Ref. [25] .
Differently of the most cases studied, we consider the acoustic black hole metrics obtained from a relativistic fluid in a noncommutative spacetime. The effects of this set up is such that the fluctuations of the fluids are also affected. The sound waves inherit spacetime noncommutativity of the fluid and may lose the Lorentz invariance. As a consequence the Hawking temperature is directly affected by the spacetime noncommutativity. Analogously to Lorentz-violating gravitational black holes [26, 27] , the effective Hawking temperature of the noncommutativity acoustic black holes now is not universal for all species of particles. It depends on the maximal attainable velocity of this species. Furthermore, the acoustic black hole metric can be identified with an acoustic Kerr-like black hole. It was found in [23] that the spacetime noncommutativity affects the rate of loss of mass of the black hole. Thus for suitable values of the spacetime noncommutativity parameter a wider or narrower spectrum of particle wave function can be scattered with increased amplitude by the acoustic black hole. This increases or decreases the superressonance phenomenon previously studied in [28, 29] .
In our study we shall focus on the quantum statistical method to determine the entropy of an acoustic black hole using the equation of state density from the GUP. We anticipate that we have obtained the Bekenstein-Hawking entropy of acoustic black hole and its correction term are obtained via the quantum statistical method. There is no need to introduce the ultraviolet cut-off and divergences are eliminated.
II. THE ACOUSTIC METRIC IN NONCOMMUTATIVE ABELIAN HIGGS MODEL
In this section we consider the noncommutative version of the Abelian Higgs model in (3+1) dimensions. The noncommutativity is introduced by modifying its scalar and gauge sector by replacing the usual product of fields by the Moyal product [30] [31] [32] [33] -see also [34, 35] for related issues. Thus, the Lagrangian of the noncommutative Abelian Higgs model in flat space iŝ
where the hat indicates that the variable is noncommutative and the * -product is the so-called Moyal-Weyl product or star product which is defined in terms of a real antisymmetric matrix θ µν that parameterizes the noncommutativity of Minkowski spacetime
The * -product for two fields f (x) and g(x) is given by
In (2) the noncommutative fields can be expanded in a formal series in θ. As one knows the parameter θ αβ is a constant, real-valued antisymmetric D × D-matrix in D-dimensional spacetime with dimensions of length squared. For a review see [33] . Using the Seiberg-Witten (SW) map this expansion can be constructed in terms of the original fields of a commutative theory transforming under the ordinary transformation laws. Now using the Seiberg-Witten map [30] , up to the lowest order in the spacetime noncommutative parameter θ µν , we findÂ
This very useful map allows us to study noncommutative effects in the framework of commutative quantum field theory.
Thus the corresponding theory in a commutative spacetime in (3+1) dimensions is [31] 
where
Let us briefly review the steps to find the noncommutative acoustic black hole metric in (3+1) dimensions from quantum field theory. Firstly, we decompose the scalar field as φ = ρ(x, t) exp (iS(x, t)) into the original Lagrangian to find
In our calculations we consider the case where there is no noncommutativity between space and time, that is θ 0i = 0 and use
Secondly, linearizing the equations of motion around the background (ρ 0 , S 0 ), with ρ = ρ 0 + ρ 1 and S = S 0 + ψ we find the equation of motion for a linear acoustic disturbance ψ given by a Klein-Gordon equation in a curved space
where g µν just represents the acoustic metrics in (3+1) dimensions. We should comment that in our previous computation we assumed linear perturbations just in the scalar sector, whereas the vector field A µ remain unchanged.
In the following we shall focus on the planar rotating acoustic noncommutative black hole metrics in (2+1) dimensions [23] to address the issues of the entropy of three-dimensional rotating acoustic black hole. For the sake of simplicity, we shall consider two types of a noncommutative spacetime medium by choosing first pure magnetic sector and then we shall focus on the pure electric sector.
A. The case B = 0 and E = 0
The acoustic line element in polar coordinates on the noncommutative plane in (2+1) dimensions, up to an irrelevant position-independent factor, in the nonrelativistic limit was obtained in [23] and is given by
where B z is the magnitude of the magnetic field in the z direction, θ z is the noncommutative parameter, c is the sound velocity in the fluid and v is the fluid velocity. We consider the flow with the velocity potential ψ(r, φ) = A ln r + Bφ whose velocity profile in polar coordinates on the plane is given by
where B and A are the constants of circulation and draining rates of the fluid flow.
Let us now consider the transformations of the time and the azimuthal angle coordinates as follows
In these new coordinates the metric becomes
where Θ = θ z B z andθ = 1 + Θ. The metric can be now written in the form
The radius of the ergosphere is given by g 00 (r e ) = 0, whereas the horizon is given by the coordinate singularity g rr (r h ) = 0, that is
Before going further let us investigate curvature singularities. Let us do this by checking the invariants R and R µνλσ R µνλσ . They are computed through the metric (12) . By power expanding them in Θ we find (15) where we have assumed c = 1 for simplicity. Notice that both invariants have no curvature singularities at r = 0 up to linear analysis. However, we find a singularity at r = A for quadratic (and higher order) terms in Θ. Since we are considering a linear theory in the non-commutativity parameter θ µν from the beginning, the singularity at r = A that relies only on higher order terms in Θ ≡ θ z B z should be disregarded for consistence.
Now we obtain the Hawking temperature of the acoustic black hole as
While the Unruh temperature for an observer at a distance r is
They satisfy the following relation
III. THE STATISTICAL ENTROPY
The partition function for a Bose system is
and the area element with constant time t coordinate is ds = 2π √ g ϕϕ g rr dr.
The partition function of the system outside the acoustic black hole horizon is given by
where β = β 0 √ −g tt , ω = ω 0 √ −g tt and −g tt = − gttgϕϕ−g 2 tϕ gϕϕ . According to the relation between the free energy and partition function, we can derive the free energy of the system as
and the entropy of the system is
where we have defined x = βω 0 = β 0 ω, and we have utilized the relation among energy, momentum and mass ω 2 −gtt = x 2 β 2 = p 2 + m 2 , being m the static mass of particles. Thus, we integrate (24) with respect to r near the black hole horizon. Near the horizon,g tt (r h ) → 0, so we have
Since we only consider the quantum field near the black hole horizon, we take [r h , r h + ǫ] as the integral interval with respect to r, where ǫ is a positive small constant. When r → r h , N 2 (r) ≈ 2κ(r − r h ), so we have
whereλ = λ(1−5Θ) −1 and κ = 2πβ −1 0 is the surface gravity of acoustic black hole horizon and by variable substitution t =λ x 2 4π(r−r h )β0 , we have
where δ =λ x 2 4πβ0ǫ and Γ(z) = ∞ δ t z−1 e t dt is incomplete Gamma function. The ǫ is determined by the smallest length given by generalized uncertainty principle
We can derive the least uncertainty of location eλ/2. If we take it as a least length of pure space line element, we have
Thus, from (30), we have δ = (1+Θ) 2 x 2
with x → 2x, we have δ = 2(1+Θ) 2 x 2 π 2 e and we obtain
being
when λ = δ 2 /(2π 2 ), we find
where 2πr h is the horizon area of the noncommutatvie acoustic black hole. The second term is a correction term to the area entropy and is proportional to the radiation temperature of acoustic black hole.
In the present subsection we repeat the previous analysis for B = 0 and E = 0. As in the earlier case we take the acoustic line element obtained in [23] , in polar coordinates on the noncommutative plane, up to first order in θ, in the 'non-relativistic' limit , given by
where θ E = θ n × E, θE r = θ( n × E) r , θE φ = θ( n × E) φ and E is the magnitude of the electric field. Let us now consider the transformations of the time and the azimuthal angle coordinates as follows
.
where we have definedṽ r = v r + θEr
2 . Now, we consider the flow with the velocity potential ψ(r, ϕ) = A ln r + Bϕ whose velocity profile in polar coordinates on the plane is given by v = A rr + B rφ . Therefore, in these new coordinates the metric becomes
where r e = (A 2 + B 2 )/c 2 and r h = |A|/c are the radii of the ergosphere and the horizon in the usual case. For θ = 0, we haver e = r e andr h = r h . Now we obtain the Hawking temperature of the acoustic black hole as
and
Thus, near the horizon,g tt (r h+ ) → 0, we have E φ B = −E r r h and F (r) becomes
The entropy of the system, near the black hole horizon, is
When r → r h+ , N 2 (r) ≈ 2(1 + θE r /2)κ(r − r h+ ), so we have
whereλ = λ(1 + θE r /2) −1 and κ = 2πβ −1 0 is the surface gravity of acoustic black hole horizon and by variable substitution t =λ x 2 4π(r−r h+ )β0 , we have
Again we can derive the least uncertainty of location eλ/2. If we take it as a least length of pure space line element, we have
Thus, from (30), we have δ = (1+θEr/2) −1 x 2 2π 2 e and S = 1
with x → 2x, we have δ = 2(1+θEr/2) −1 x 2 π 2 e and we obtain
where 2πr h+ is the horizon area of the noncommutative acoustic black hole. Note that, the correction term to the area entropy in 3-dimensional spacetime is proportional to the radiation temperature of acoustic black hole. For gravitational black hole in 4 dimensions the correction term is logarithmic. In our result in a 3-dimensional spacetime the logarithmic term does not exist. However, in this method, is not needed to introduce the ultraviolet cut-off and divergences are eliminated. Moreover, the small mass approximation is not necessary in the original brick-wall model. Our calculations are consistent with the result obtained in [21, 22] . It is also interesting to note from (30) and (52) that the (increasing) decreasing of the least uncertainty of location as the noncommutative parameter increases is also responsible for (increasing) decreasing of the entropy. As a consequence, particularly in the former case, as long as the least uncertainty of location increases the entropy also increases. These parameters, of course, should be restricted in order to respect the second law of the entropy ∆S ≥ 0. Other issues can also be addressed, e.g., the collapsing processes versus singularities, since collapsing processes tend to form singularities. In this sense the noncommutativity may play a role against the origin of singularities.
